INTRODUCTION
Autosomal recessive congenital ichthyoses (ARCIs) are a clinically and genetically heterogeneous group of diseases, characterized by generalized desquamation of the skin, usually with erythema (1 -3) . Most of the patients are born as collodion babies. Patients may exhibit one of two main clinical forms, either lamellar ichthyosis (LI) or non-bullous congenital ichthyosiform erythroderma (NCIE). The estimated incidence is between one in 300 000 and one in 500 000 for both forms. In LI, the scales are large, adherent, dark and pigmented with no skin erythema, whereas in NCIE, the scales are fine and white on an erythematous background, although they are larger and grayish on the limbs (1, 4) . Overlapping phenotypes have been reported and may depend on the age of the patient and the region of the body. LI is characterized histologically by orthohyperkeratosis and mild focal parakeratosis. The presence of hyperkeratosis with an increase in stratum corneum thickness, a normal or prominent granular layer and increased mitoses suggest a hyperproliferative epidermal defect in NCIE (1 -6) . Prominent dermal flood vessels and an upper lymphocytic infiltrate may explain the erythroderma. The terminal differentiation of the epidermis is perturbed in both forms, leading to a reduced barrier function and defects of lipid composition in the stratum corneum (1 -7) .
Several defective genes have been identified in ARCI (8 -14) . Some of them govern the synthesis of enzymes and transporters directly involved in the production, transport or assembly of components of the stratum corneum. For instance, TGM1 encodes a transglutaminase implicated in the crosslinking of structural proteins (involucrin and loricrin) (8, 9, 15) , ABCA12 is suspected to be a lipid transporter (11, 16, 17) and STS, a cholesterol sulfatase, is implicated in # The Author 2006. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org the metabolism of cholesterol sulfate (18) . Two other genes, ALOX12B and ALOXE3, which have been found to be defective in ARCI (10) , belong to a metabolic pathway starting from arachidonic acid and leading to compounds of the 12-lipoxygenase family. This pathway with (R)-chirality was inferred by analogy with the parallel lipoxygenase pathways, one with 12(S)-chirality which was elucidated during the 1980s (19, 20) and another leading to hepoxilin and trioxilin B3 in human epidermis (21, 22) , modeled from the well-known leukotriene (5-lipoxygenase) biosynthetic pathway ( Fig. 1 ) (23) . The lipoxygenase ALOX12B and the hydroperoxide isomerase ALOXE3 were subsequently confirmed to catalyze successive steps of the 12(R)-lipoxygenase pathway, which leads to 12(R)-hepoxilin A3 [12(R)-HXA3] via 12(R)-hydroperoxyeicosatetraenoic acid [12(R)-HPETE] (24, 25) . We proposed that three other genes could also belong to the same pathway: (i) CGI-58/ABHD5 which is mutated in Chanarin -Dorfman syndrome (13) , which could be an epoxide hydrolase; (ii) ABCA12, which might be an export carrier of products of this pathway into the extracellular space (11); (iii) ichthyin, which we hypothesized to be a receptor for 12(R)-TXA3 (12).
We previously localized another ichthyosis gene on chromosome 19p12 -q12 in a 6 cM interval in six consanguineous families with ARCI by homozygosity mapping (26) . Other families, mainly from Algeria, were also found to have ichthyosis linked to the chromosomal region 19p12 -q12. We refined the linkage interval to 3.06 Mb by dense microsatellite genotyping based on recombination events. Weak linkage disequilibrium was detected for the marker GATA27C12. Twenty-eight candidate genes in the interval were excluded by sequencing before we identified deleterious mutations in a new gene, FLJ39501. This gene was annotated as a homolog of the cytochrome P450, family 2, subfamily E, polypeptide 2, but, in fact, is a homolog of cytochrome P450, family 4, subfamily F, polypeptide 2 or 3 (CYP4F2 or CYP4F3). CYP4F2/CYP4F3 are leukotriene B4-v-hydroxylases from the 5-lipoxygenase pathway which is parallel to the 12(R)-lipoxygenase pathway (27, 28) . The present study and the previous implication of a defective aldehyde dehydrogenase (ALDH3A2) in Sjögren -Larsson syndrome (MIM 270200) (29 -31) suggest that further derivatives of the 12(R)-lipoxygenase pathway through v-hydroxylation could be the products which are missing in ARCI. 
RESULTS

Clinical description, histological features and patient origins
We analyzed 12 consanguineous (first cousin marriages) families comprising 21 patients (12 females and nine males) and 49 non-affected family members. Individuals for whom DNA was available are shown in Figure 2 . All families were from Mediterranean countries: nine from Algeria, one from France, one from Italy and one from Lebanon. Most of the patients were not born as collodion babies but presented a more erythrodermal status of the skin at birth. After birth, they presented clinical aspects of generalized LI with whitish, grayish scaling, which was more exaggerated in the periumbilical region (Figure 3 ), on the lower part of the body and on the buttocks. Hyperlinearity of palms and soles was observed in all patients (Figure 3 ) similar to that found in ichthyosis vulgaris. There are scales on the scalps in all patients, which sometimes have a squamous pytiriasiform appearance.
Light microscopy of skin biopsies revealed typical histopathological features of ichthyosis including hyperkeratosis or more extensive orthohyperkeratosis, mild thickening of the stratum corneum and moderate acanthosis and parakeratosis. A normal or slightly prominent granular layer and a mild dermal perivascular lymphocytic infiltrate with dilatation of dermal capillaries were observed.
Linkage, linkage disequilibrium and haplotype analysis
A total of 45 microsatellites were genotyped on chromosome 19p12 -q12 between the markers D19S424 (AFMa132zb9) and D19S225 (AFM248zc1) to define the smallest common interval and to find an eventual linkage disequilibrium. The maximum pairwise LOD score at u ¼ 0.00 for D19S930 (AFMa050yc5) was 15.83. A co-segregating region of 3.06 Mb was homozygous in all patients: it was defined by recombination events with loss of homozygosity in six patients from three families (F1, F8 and F12) for the telomeric marker AFMb022xb1 (D19S840) and in a patient from family 8 for the centromeric marker ATA57F09 (D19S1171). The results of genotyping are presented in Figure 4 where the haplotypes of patients showing recombinations are shaded in gray. Patients from seven families (F1, F2, F6 and F8 -F11) shared a common allele for the marker GATA27C12 for which linkage disequilibrium analysis showed a P excess value of 0.64 (x 2 : P . 0.05). In patients from three of these seven families, a larger common haplotype was preserved (1-4-4-1-2). Six of these seven families carried the same mutation, indicating a probable founder effect. These six families were all from Algeria with the exception of one family (F1) which had French origins.
Exclusion of candidate genes and identification of mutations in a novel gene
More than 90 known genes or cDNAs were located in the initial interval of 3.06 Mb between the markers AFMb022xb1 and ATA57F09 (GoldenPath). The known genes which we considered as the best candidate genes, either because of their expression in epidermal tissue or because of domains and functions which could be implicated in lipid metabolism and particularly the 12-lipoxygenase pathways, were sequenced first. No mutations were found in the coding regions or exon -intron boundaries of 28 of these genes, including a cluster of five cytochrome P450 (CYP) subfamily F genes (cen-CYP4F11, CYP4F2, CYP4F12, CYP4F3, CYP4F8-tel). A new gene, FLJ39501, which was situated next to this cluster in the telomeric direction was of particular interest because it showed homology to CYP4F2 and was expressed in epidermal tissues, including skin and keratinocytes. Sequencing of this gene revealed seven different mutations in patients with ARCI linked to chromosome 19.
Genomic structure of the FLJ39501 gene and its cDNA
The cDNA of FLJ39501 (AK096820) is 2608 bp long and is identified as full length (32) . It codes for a protein of 531 amino acids (BAC04868). Public databases (Ensembl, NCBI) supported the existence of 12 exons. The sequence was checked by overlapping reverse transcriptase polymerase chain reaction (RT -PCR), and the products were sequenced and compared with the sequences from public databases. BLAST analysis revealed strong homologies with mouse (NM_177307) and rat mRNA orthologs (XM_234837.1), showing 82% homology for the nucleotide sequence and 86% homology for the protein sequence. Multiple nucleotide alignments (http:/ /prodes.toulouse.inra.fr/multalin/) of orthologs from human, mouse and rat also showed a highly conserved coding sequence with homologies of 80% over a length of 1800 bp. This gene is also highly conserved in other eukaryotes, such as Arabidopsis thaliana and Oryza sativa.
Mutation analysis of the FLJ39501 gene
Sequencing of the 12 exons and of the exon -intron boundaries of the FLJ39501 gene revealed seven different homozygous mutations in the 12 consanguineous families (Table 1) : one was a large deletion in which exons 3 -12 were missing (F3), another one was a small deletion of 1 bp (980delC) in exon 7 (F9), which leads to a frameshift and a premature stop codon, and five were missense mutations: 177C!G (F59L) in exon 1 (F5); 728G!A (R243H) in exon 6 (F4); 1114C!T (R372W) in exon 8 (F7); 1303C!T (H435Y) (F1, F2, F6, F8, F10 and F11) and 1306C!G (H436D) in exon 10 (F12). The same 1303C!T (H435Y) mutation was shared by six families, all were from Algeria with the exception of family F1 which had French origins. The missense mutations were all situated in parts of the gene that are highly conserved between mice, rats and humans. None of these sequence variations was found in 100 normal chromosomes from a Mediterranean control population.
Expression analysis
We analyzed tissue expression by FLJ39501-specific RT-PCR with primer pairs RT_1 ( FLJ39501 encodes a protein which was annotated as a CYP, family 2, subfamily E, polypeptide 2 homolog (NCBI RefSeq). BLAST analysis showed, however, that the homology between FLJ39501 and CYP2E1 is only 27% (61/259 amino acid identities). Moreover, no CYP2E2 gene has been described in humans to date (33) . The highest homology of 
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FLJ39501 with other cytochrome genes is found with genes of the F subfamily, CYP4F2 and CYP4F3, which are known as leukotriene B4-v-hydroxylases, each with 67% homology (326/481 and 324/481 amino acid identities) (27, 28) . Homology between the five CYP4 genes of the F subfamily (F2, 3, 8, 11 and 12) and FLJ39501 which are clustered on chromosome 19p13 in an interval of 100 kb varies between 62 and 67%.
DISCUSSION
The identification of mutations in FLJ39501 through genetic analysis provides an opportunity to study the role of a CYP gene and its mechanism of action in a metabolic context. With the exception of polymorphisms in several CYP genes described in a wide variety of disorders, deleterious mutations in human CYP genes have been found in only a few genetic diseases: several steroidogenesis disorders (Antley -Bixler syndrome, MIM 207410; adrenal congenital hyperplasia, MIM 118485, 201910, 201750 and 202110; cerebrotendinous xanthomatosis, MIM 213700; congenital hypoaldosteronism, MIM 203400), primary infantile glaucoma (MIM 231300) and two different isolated cases with bile acid synthesis defects (MIM 118455 and 603711). The phenotype caused by mutations in FLJ39501 is similar to that previously described for other ARCI, in which the majority of patients present a NCIE phenotype at birth, progressing later to a more lamellar aspect of the skin (8 -14) . Hyperlinearity of palms and soles seems to characterize this form of ARCI.
As was the case for the six genes previously identified in ARCI and in Chanarin -Dorfman syndrome (MIM 275630) (8 -13), homozygosity mapping proved to be an efficient method for localization of the causative gene. One difficulty in the present study was the refinement of the interval which initially encompassed the centromeric region in which usually only a few recombinations are observed. Situated on chromosome 19, which is very rich in genes, the smallest common interval of 3.06 Mb still contains over 90 genes. In 2000, a Finnish group described a novel localization for ARCI on chromosome 19p13.1 -p13.2 between the markers D19S221 and D19S885 in a single large kindred (34) . Their 3.5 Mb interval (12.57 -16.07 Mb) is nearly identical to our refined 3.06 interval (13.7 -16.76 Mb), but the Finnish phenotype was described as a mild non-erythrodermic, non-LI which did not resemble classical LI or NCIE. As in our patients, palmo-plantar hyperlinearity was present; this clinical characteristic is uncommon in other forms of ARCI.
The mutations found in FLJ39501 include a large deletion which excises 10 of the 12 exons, and another small deletion in exon 7 which would lead to the synthesis of a truncated protein. All the missense mutations, except F59L, are situated inside the large CYP domain as defined by the PFAM database (PF00067). Furthermore, the two neighboring mutations, H435Y and H436N, were also situated in the overlapping fingerprint domains EP450I, EP450II and EP450IV, which characterize CYP proteins (PRINTS: PR00463 and PR00464).
The CYP proteins constitute a superfamily of heme-thiolate proteins. CYP enzymes usually act either as terminal oxidases in multicomponent electron transfer chains or as monooxygenase systems involved in the metabolism of a plethora of both exogenous and endogenous compounds, including those of arachidonic acid metabolism and eicosanoid biosynthesis (35) . Fifty-seven human CYP genes have been described to date and have been categorized into nine clans, 18 families and 43 subfamilies by their sequence similarities (http:/ / drnelson.utmem.edu/P450lect.html) (35) . The physiological reactions catalyzed by CYP enzymes and their substrates have been difficult to elucidate because of the large number of genes and splicing variants (with different affinities for the same substrate) (36), their catalytic versatility and consequently the high number of potential substrates, their variability of expression in the tissues or organisms analyzed and the difference between in vitro versus in vivo studies (37, 38) .
Because of the previous identification of mutations in several enzymes of the 12(R)-lipoxygenase (hepoxilin) pathway in patients affected by ARCI, it is likely that FLJ39501 is also implicated in this pathway (Figure 1 ). In the context of eicosanoid metabolism, CYP enzymes have been subdivided into three groups: (i) the epoxygenases, which catalyze the synthesis of epoxyeicosatrienoic acids, primarily the CYP2C and 2J isoforms in humans; (ii) the v-oxidases, primarily the CYP4A and 4F isoforms in humans; (iii) the allylic oxidases, which synthesize several mid-chain conjugated dienols, primarily CYP4A in humans (37, 38) . The enzymatic reaction catalyzed by FLJ39501 in the skin and its substrate can be deduced by analogy with what is known for its homologs CYP4F2 and CYP4F3 in the 5-lipoxygenase (leukotriene) pathway. CYP4F2 has been found to be the main LTB4-v-hydroxylating enzyme in human liver and kidney, but not in polymorphonuclear leukocytes where it is not expressed and where the reaction has been found to be catalyzed by CYP4F3, another close homolog of CYP4F2 (87.3% amino acids similarity) (27, 28) . It is likely that FLJ39501 has an v-hydroxylase activity.
Arachidonic acid could be one of the substrates generating biologically active eicosanoid-like 20-hydroxyeicosatetraenoic acid (20-HETE) (39, 40) . This reaction has been shown to be catalyzed by proteins of the CYP4 clan, which has been confirmed with purified CYP4F2 (39) . The 20-oxidation of (S)-HXA3, as well as of LTB4, has been found to lead to the sequential formation of 20-OH-, 20-CHO-and 20-COOH-derivatives (41) (42) (43) . 20-Oxidation has been hypothesized to play a role in the termination of LTB4-mediated inflammation (27, 42, 43) . Each step in this 20-hydroxylation of LTB4 can be catalyzed by CYP proteins (27) , but only the first reaction has been confirmed to be catalyzed by CYP4F3 or by other proteins of the CYP4F subfamily which can use the same substrate with different affinities (27) . For the last two steps, two enzymes which do not belong to the CYP family, an alcohol and an aldehyde leukotriene B4 dehydrogenase, have been characterized (27, 42, 43) , but their genes remain unknown. This pathway was thought to be catabolic, but also to result in the synthesis of initial compounds that are almost as active as leukotriene B4 in stimulating calcium influx and neutrophil aggregation (44) . The further conversion of leukotriene B4 into a dicarboxylic acid has been found to have variable effects on different biological activities, inhibiting some of them (calcium influx and neutrophil aggregation) (44) , but retaining others (contractions in a guinea pig lung strip) (42) . Moreover, a terminal product of 20-hydroxylation, 20-COOH -HETE, has recently been found to have a biological activity in coronary endothelial cells and not to be simply a degradation product, with either the same Following the model of the leukotriene pathway in which v-hydroxylation has mainly been described for LTB4 and with the hypothesis that CGI58/ABHD5 is an epoxide hydrolase, trioxilin appears to be the physiological substrate of FLJ39501, at least in the skin.
The hypothesis of hepoxilin or trioxilin as the substrate of FLJ39501 establishes a biochemical link between ARCI and another form of ichthyosis, Sjögren -Larsson syndrome (ichthyosis and spastic paraplegia, MIM 270200) (29, 30) , in which there are mutations in a fatty aldehyde dehydrogenase, ALDH3A2 (30) . This enzyme is part of the microsomal enzyme complex, fatty alcohol:nicotinamide-adenine dinucleotide oxidoreductase (FAO), which is known to include fatty aldehyde and fatty alcohol dehydrogenases (30, 31) . The fatty alcohol dehydrogenase (FADH) could be mutated in another form of ARCI.
The last derivatives of the 12(R)-lipoxygenase pathway, 20-carboxy-trioxilin A3 (20-COOH -TXA3), could have a key biological regulatory effect in the skin, before being catabolized through b-oxidation in peroxisomes and probably in mitochondria (31, 46) .
As mutations in only one CYP are associated with an ichthyosis, this implies also that there is no compensatory mechanism in vivo by another CYP and that there must be another CYP, probably from the 4F subfamily, involved in the metabolism of the products of the lipoxygenase pathway associated with spastic paraplegia. As frequently observed in metabolic pathways, the first steps are mainly irreversible and are catalyzed by highly specific enzymes, whereas later steps exhibit less specificity.
We have already identified another biochemical link between the neurological and dermatological aspects of Sjögren -Larsson syndrome, by identifying mutations in ichthyin in another form of ARCI (12) . Ichthyin belongs to a family of four proteins (PFAM: DUF803) of unknown function with at least seven transmembrane domains, which includes NIPA1, in which mutations were found in a form of spastic paraplegia (SPG6, MIM 600363) (47) in one family and confirmed recently in one British and two Chinese families (48, 49) . We have proposed that ichthyin and NIPA1 could be the receptors of the G-protein coupled receptor family for (R)-TXA3 and (S)-TXA3 (12) . If 20-COOH -(R)-TXA3 and its variant with (S)-chirality are the active products, these two compounds could be the respective ligands of the two receptors. However, the presence of two vacuolar ATP synthase 16 kDa subunit signatures (PRINTS: PR00122) in the sequence of the DUF803 proteins and the physical properties which can be deduced by the introduction of a polar group in a non-polar molecule such as trioxilin localized in a membrane suggest that DUF803 proteins might also be fusion pores (50) which are modulated by 20-hydroxy-or carboxyproducts of the lipoxygenase pathways.
All these hypotheses and deductions have yet to be confirmed experimentally, but reopen, as suggested during the eighties (42), exciting avenues of research in eicosanoid physiology, and for the patients in terms of mechanisms and treatments of skin hydration and neuronal degeneration. This also underlines, once more, the exceptional power of the genetic analysis of patients in order to understand the function of genes.
MATERIALS AND METHODS
Subjects and samples
Clinical data and pedigree information for the families were recorded by three dermatologists (Bakar Bouadjar, Gianluca Tadini and André Mégarbané). Blood was collected from each participating family member after obtaining written informed consent. DNA was extracted from peripheral blood leukocytes and cell lines were established at Généthon's DNA Bank using standard procedures.
Genetic analysis
Genotyping was performed with 400 highly polymorphic microsatellite markers from the ABI panel (Linkage Mapping Set2, LMS2, Applied Biosystems). A MegaBase capillary sequencer was used for the genome-wide scan and ABI 377 sequencers were used for fine mapping with publicly available microsatellites. Haplotypes were constructed assuming the most parsimonious linkage phase. Linkage programs were used on the basis of the assumption of autosomal recessive inheritance, full penetrance and a disease frequency of one per 300 000 in the general population. Pairwise LOD scores were calculated using MLINK program of the LINKAGE 5.1 package (51) incorporating consanguineous loops into the pedigree files. For linkage-disequilibrium analysis, the excess of disease-associated alleles was calculated as previously described (13) by the P excess equation: P excess ¼ (P affected 2 P normal )/(1 2 P normal ), in which P affected and P normal denote the frequency of the disease-associated allele on 11 disease-bearing chromosomes and 20 normal chromosomes (52) . Chromosomes that were either shared by two sibs or were homozygous were counted only once. For x 2 estimation, the combined-allele method was used (53), corrected by Bonferroni's procedure (54) .
Mutation screening
Mutation analysis was performed in the 12 families in affected patients, both parents and supplementary non-affected sibs. We designed intronic oligonucleotide primers flanking the exons for amplification and sequencing of the FLJ39501 gene (Table 2 ) using the Primer3 program (http:/ /www-genome. wi.mit.edu/genome_software/other/primer3.html) (55) . Sets of PCR conditions are used as indicated in Table 2 . The touchdown PCR reaction was carried out in a 45 ml volume containing 50 ng of genomic DNA (in 5 ml) with Hot Master TM Taq DNA polymerase (Eppendorf): the initial denaturation step was performed at 958C for 5 min, followed by six cycles of amplification consisting of 40 s at 948C, 30 s at 688C and a 30 s elongation step at 728C, followed by 30 cycles of 40 s at 948C, 30 s at optimal annealing temperature, 30 s at 728C and a 5 min terminal elongation step. One to two microliters of purified PCR products were added to 0.5 ml of sense or antisense primer (20 mM) and 2 ml of BigDye terminator mix (Applied Biosystems) in a 15 ml volume. The linear amplification consisted of an initial 5 min denaturation step at 968C, 25 cycles of 10 s of denaturation at 968C and a 4 min annealing/ extension step at 56 -608C. The reaction products were purified and sequenced on an Applied Biosystems Sequencer 3700. Forward or reverse strands from all patients and controls were sequenced for the entire coding region and exon -intron boundaries. The sequences were analyzed using the Phred Phrap program on Unix.
Lymphoblastoid, keratinocyte and fibroblast cell cultures and RNA extraction Lymphoblastoid cell lines were established using standard procedures. Total RNA from lymphocytes was extracted with the RNA-PLUS (Quantum-Appligene) kit, following the manufacturer's instructions. Human keratinocytes and fibroblasts were obtained from skin removed during routine plastic surgery of a normal individual. The skin sample was processed for primary keratinocyte culture and cells were grown according to the procedure described by Invitrogen Life Technologies using products from the company in serumfree keratinocyte medium supplemented with bovine pituitary extract (25 mg/ml) and recombinant epidermal growth factor (0.1 ng/ml). For primary fibroblast cultures, we used DMEM with 10% fetal calf serum and 2% L-glutamine. Cultures were allowed to proliferate for two passages and harvested when they reached 90% confluence. Total RNA was isolated using the QIAamp RNA Mini Protocol from cultured cells (QIAGEN), following the manufacturer's instructions. The mRNA was isolated following the Oligotex direct mRNA protocol from the manufacturer (QIAGEN).
RT -PCR and expression
RT -PCR was performed using the RT -PCR kit (Invitrogen) with oligo dT primers to generate the first strand of cDNA. Amplification of cDNA from cultured keratinocytes, fibroblasts, placenta and lymphocytes, bone marrow, small intestine, bladder, liver, skeletal muscle, testis, brain and kidney was performed with two primer pairs ( 
